Lactococci are the main component of starter cultures used in the dairy industry for the production of a variety of fermented milk products, such as cheese, butter, buttermilk, and yogurt.
Fast growth of lactococci is essential in fermentation of milk to achieve a rapid drop of pH to obtain optimal conditions for the action of rennet, for cheese ripening, and for prevention of growth of undesired organisms (10, 39, 60) .
For rapid growth in milk, lactococci depend on the degradation of casein by means of their proteolytic system. This system is essential, because the pathways for the synthesis of several amino acids do not function in lactococci and because the concentrations of free amino acids and small peptides in milk are too low to sustain growth to high cell densities (49, 60) .
The proteolytic activity of lactococci is furthermore involved in ripening of and flavor production in fermented milk products, especially cheese (39, 60) .
At present, only one of the components of the proteolytic system has been shown to be essential in the breakdown cascade of casein: the cell envelope-associated proteinase. This enzyme is specified by the prtP gene that is located on a plasmid in most strains of Lactococcus lactis (20) . The prtP gene product is initially synthesized as a pre-proenzyme. The product of a second gene, prtM, induces the autoproteolytic activation of the pro-proteinase. Mutants in prtP orprtM are unable to grow to high cell densities in milk (14, 20) .
Mature PrtP generates large peptides from casein, which have recently been characterized elsewhere (5, 35, 36, 42, (71) (72) (73) . However, our knowledge concerning the subsequent breakdown of these peptides is very limited. The general view is that this breakdown occurs in a cascade-like fashion in which several peptidases participate (50) .
In the last decade, several laboratories have isolated and characterized a number of these enzymes, and considerable progress has been made. At peptidases with different specificities have been purified to homogeneity from lactococci (for recent reviews, see references 20 and 55). However, in only a few cases have the genetic determinants of these enzymes been isolated and characterized. These include the genes for aminopeptidase N (pepN) (52, 58, 64) , aminopeptidase C (pepC) (6) and X-prolyl dipeptidyl aminopeptidase (pepXP) (34, 38) .
Recently, a metalloendopeptidase has been isolated and purified from L. lactis subsp. cremoris Wg2 (56) . The enzyme has a molecular weight of 70,000 and hydrolyzes peptides of different sizes, such as Met-enkephalin (5 amino acids) and the oxidized 3-chain of insulin (30 amino acids). A neutral oligoendopeptidase with a comparable specificity, molecular weight, and inhibitory spectrum was recently isolated by Baankreis (3) and seems to be similar or even identical. Because an endopeptidase would be a likely candidate for cleavage of the large peptides generated from casein by the cell envelope-associated proteinase, we have given priority to the cloning and characterization of the gene specifying the endopeptidase of L. lactis. Once isolated, the gene could then be used to mutate the endogenous gene to examine the properties of the mutated strain, especially with respect to its capacity to grow in milk. Accordingly, the present paper describes the cloning of the endopeptidase gene and its sequence and shows that the enzyme is not essential for growth in milk.
MATERIALS AND METHODS
Strains, plasmids, and media. The strains and plasmids used are listed in Table 1 . Escherichia coli strains were grown in TY medium at 370C with vigorous agitation or in TY medium (43) Screening of the lactococcal genome library in phage X. Chromosomal DNA of L. lactis subsp. cremoris P8-2-47 was isolated, digested with Sau3A, and ligated to XEMBL3 (11) digested with BamHI. The ligation mixture was packed into phage heads (Packagene System; Promega Corporation, Madison, Wis.) and used to infect E. coli LE392 (34a). To detect phages carrying the gene of the endopeptidase, the phage bank was screened with antibodies raised against the purified endopeptidase (51, 56). To reduce the background, which was observed with the proteins of E. coli, the antibodies were preadsorbed with a cell extract of the host strain E. coli LE392.
Molecular cloning and DNA sequencing. Molecular cloning techniques were performed essentially as described by Sambrook et al. (46) . Phage X DNA was isolated according to the method described by Zabarovsky and Turina (76) . Plasmids from L. lactis were isolated by the method described by Birnboim and Doly with the modifications described by Leenhouts et al. (25) . Chromosomal DNA was isolated from L. lactis according to the method described by Leenhouts et al. (24) . E. coli and L. lactis were transformed by electroporation as described by Zabarovsky and Winberg (77) and Holo and Nes (17) , respectively. Conjugation in L. lactis was carried out following the protocol of Gasson and Davies (13) .
Fragments of the endopeptidase gene, ranging from 250 to 900 bp, were cloned into pUC19 (75) . Both strands were sequenced by the dideoxy chain termination method (47) with the T7 sequencing kit (Pharmacia LKB Biotechnology AB, Uppsala, Sweden) and double-stranded plasmid tem The integration plasmid pINT1924L (see Fig. 5 ) was constructed as follows. An erythromycin resistance gene (from pUC7e [68] ) was inserted into the Scal site of the endopeptidase gene in the plasmid pENP19, yielding the plasmid pENP19e. The disrupted endopeptidase gene was then transferred to the integration plasmid pORI24 (22a). Subsequently, the tetracycline resistance gene of this plasmid was exchanged for a 0-galactosidase expression unit from pMG60 (67) .
Cell extracts and PAGE. Cell extracts of overnight cultures of E. coli and L. lactis were prepared as described by van de Guchte et al. (65) . To obtain proteins encoded by the recombinant phages, the cells of 5 
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AAT GC. The probe was either labelled with the ECL oligonucleotide labelling and detection system (Amersham International plc, Amersham, United Kingdom) or the DIG oligonucleotide 3'-end-labelling kit (Boehringer GmbH, Mannheim, Germany) and hybridized according to the instructions of the manufacturer (for the ECL system). For use of the GeneScreen Plus filters with the DIG-labelled probes, 1% SDS was included in all buffers to prevent unspecific binding of the probe to the filter. Hybridization of the DIG-labelled probes was detected with the DIG luminescence detection kit (Boehringer GmbH).
Nucleotide sequence accession number. ThepepO sequence has been assigned the GenBank accession number L04938.
RESULTS
Screening of the genome bank. A genome bank of L. lactis subsp. cremoris P8-2-47 in XEMBL3 was screened for plaques producing the endopeptidase with polyclonal antibodies. About 4,000 phages were plated, and the proteins in the plaques were transferred to nitrocellulose membranes and screened with antibodies raised against the purified endopeptidase. Seventeen plaques which gave a positive signal were isolated and used for further characterization. To determine which of these phages carried the endopeptidase gene, proteins from E. coli cells that were infected with the selected phage were subjected to SDS-PAGE and Western blotting and were analyzed with endopeptidase-directed antibodies. Only when E. coli cells were infected with the phages XENP81 or XENP91 was a protein with the same size as the endopeptidase detected (Fig. 1A) .
Delineation of the endopeptidase gene. DNA was isolated from XENP81, a phage encoding a 70-kDa protein that reacted with the endopeptidase-directed antibodies. By single and double digestions, a restriction enzyme map of the lactococcal insert (14 kb) was constructed (Fig. 2) . By using an oligonucleotide designed from the N-terminal amino acid sequence of the endopeptidase (57), fragments containing the 5' end of the endopeptidase gene were identified and mapped (Fig. 2) . Because the oligonucleotide specifically hybridized with particular fragments of the insert in XENP81 and because the endopeptidase-directed antibodies specifically reacted with a 70-kDa-protein in extracts Sequencing of the endopeptidase gene. Several fragments of the insert in pENP31 extending from the SalI site (2) (Fig. 2) were subcloned into pUC19 and sequenced by plasmid sequencing and primer walking. The nucleotide sequence of a contiguous piece of DNA sequenced on both strands is presented in Fig. 3 Fig. 3 ). These inverted repeats might form rho-independent terminator-like structures. The functionality of these putative terminators remains unestablished.
The sequenced fragment has a G+C content of 34.8%, which is in the range of the G+C content of L. lactis (38 pUC19. The differences in size among the proteins produced in E. coli(pENP22) and E. coli(pENP01) on the one hand and E. coli(pENP4401) and E. coli(pENP41) on the other are due to an out-of-frame translational fusion in pUC19. [37] ), and the codon usage of the pepO gene was in agreement with that calculated by van de Guchte et al. (66) from several sequenced genes of L. lactis. Homology comparisons. To examine whether PepO showed similarity to other proteins, the SWISSPROT, PIR, EMBL, and GenBank data bases were screened for homology with the amino acid and nucleotide sequences of PepO andpepO, respectively. Striking similarity was found to the neutral endopeptidase (NEP) (enkephalinase) EC 3.4.24.11 of mammalia (8, 9, 28, 30, 31, 48) (Fig. 4) , but no obvious similarity to any bacterial enzyme was present. The overall identity of the endopeptidase of L. lactis with human NEP is 27.1%, whereas the similarity including conservative amino acid exchanges amounted to 37.3%. The highest degree of identity (71%) motive His-Glu-Xxx-Xxx-Glu, which is characteristic of zinc-dependent metalloproteinases and metallopeptidases (18, 27, 33) . Furthermore, the putative active-site amino acids of NEP identified so far (4, 70) are identical to amino acids of PepO, except for one conservative change of Arg-747 in NEP into Lys-625 in PepO, indicating a possible role of these amino acids in the active site of the lactococcal enzyme.
Construction and analysis of endopeptidase-negative mutants of lactococci. To answer the question of whether the endopeptidase is required for growth in milk, a mutant lactococcal strain was constructed by disrupting the endopeptidase gene. The integration plasmid pINT1924L (Fig.  5 ) consisted of the 1.4-kb EcoRI-SalI fragment (as present in pENP19; Fig. 2 The proteins produced by the transformant strains were subjected to SDS-PAGE and Western blotting, and the endopeptidase antigen was detected with specific antibodies. The lower 70-kDa band representing the endopeptidase was absent in the mutant strains, indicating that the disruption of pepO prevented the synthesis of full-length endopeptidase (Fig. 7) .
To examine whether the pepO gene was required for growth in milk, plasmid pLP712, carrying a gene specifying the cell envelope-associated proteinase of L. lactis NCDO712 (12) , was conjugally transferred to L. lactis MG1363 and its pepO-negative derivative. Growth experiments in milk of the endopeptidase-proficient strain MG1363(pLP712) and its pepO-deficient mutant showed that the two strains did not significantly differ in cell densities and acidification rates over a period of 10 and 24 h after inoculation (Fig. 8) dase of L. lactis bound to a 70-kDa protein specified by a lactococcal chromosomal DNA fragment cloned in phage X, (ii) an oligonucleotide designed from the N-terminal amino acid sequence of the purified endopeptidase hybridized to specific fragments of the cloned lactococcal chromosomal fragment and was used to identify the 5' end of the gene, (iii) the N-terminal amino acid sequence deduced from the nucleotide sequence of the endopeptidase gene was identical to that of the purified enzyme, and (iv) the deduced amino acid sequence of the endopeptidase showed a high degree of similarity to that of mammalian NEPs.
Recently, the genes for the binding-protein-dependent oligopeptide transport system (opp) from L. lactis SSL135 were characterized and sequenced elsewhere (63) . Comparison of the nucleotide sequences of the genes of the opp operon with the sequence of the DNA fragment encompassing pepO of L. lactis P8-2-47 revealed that pepO is located immediately downstream of oppA, the last of the opp genes. Immediately upstream of the oppA gene, a promoter is present (62a), as was suggested by the results of the subcloning experiments with E. coli. The genetic linkage of an endopeptidase gene to the opp operon is unique for L. lactis. In the other binding-protein-dependent oligopeptide transport systems characterized (those of E. coli, Salmonella typhimunium, Bacillus subtilis, and Streptococcus pneumoniae), the gene order in the operons is mutually identical and different from that in L. lactis (1, 15, 16, 44) . In L. lactis, oppA is the last of the opp genes, whereas in the other bacteria it is the first gene of the operons. The 127-bp region between oppA and pepO in L. lactis contains a weak rho-independent terminator. The region downstream of oppA in S. typhimurium is also followed by a long intercistronic region containing a rho-independent terminator-like structure (15) , to which no function has yet been ascribed. In the deduced amino acid sequence of PepO, no typical prokaryotic signal sequence (74) was present. Furthermore, we did not detect possible membrane-spanning domains in the enzyme. This argues against an extracellular location of PepO or association of the enzyme with the outside of the cell envelope. This agrees with observations of Tan et al. (54) and Baankreis (3) , who, on the basis of immunological and cell fractionation studies, have localized PepO and NOP, respectively, inside the cell. However, Tan et al. (54) found PepO in vesicle preparations. In these vesicles, the enzyme was resistant to proteinase K digestion. This indicates an association of the enzyme with the inner side of the cell membrane. The membrane association may be due to an interaction of PepO with components of the Opp system which would be consistent with pepO being part of the opp operon.
Comparison of the amino acid sequence of the endopeptidase with sequences in various data bases revealed homology to the mammalian NEP EC 3.4.24.11 (enkephalinase). NEP is a membrane-bound, zinc-dependent metalloendopeptidase, as indicated by the presence of a membranespanning domain, which is found at the surface of mammalian cells (27, 45) . This enzyme is involved in degradation of various peptide hormones, including Met-and Leu-enkephalin (27, 53) . NEP cleaves peptide bonds on the amino side of hydrophobic amino acids and is inhibited by phosphoramidon and thiorphan (26 (63a) . Apparently, the growth characteristics of these mutant strains can be solely ascribed to effects on the oligopeptide uptake system itself. One possible explanation for the dispensability of PepO is that its function can be taken over by one or several other peptidases present in the cell. Overlapping specificities of peptidases have been reported elsewhere for E. coli and S. typhimurium (22) . Therefore, further characterization of pepO will be aimed at the construction of multiple mutations in the genes for peptidolytic enzymes to reveal and characterize possible overlapping specificities in the casein breakdown cascade.
Although PepO is not essential for growth of L. lactis in milk, it could be involved in cheese ripening. In pilot cheese-ripening experiments, Baankreis (3) observed that the endopeptidase is capable of releasing specific fragments from the ot1-CN(fl-23) casein fragment, which is generated by the action of chymosin. Now that the pepO gene has been cloned, the possible contribution of the endopeptidase to cheese ripening and flavor production can be addressed in a rational way by using pepO-deficient mutants or strains overexpressing the pepO gene.
